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INTRODUCTION 


For  many  years  built-up  roofs  (BUR)  were  constructed  with  little  or 
no  insulation.  When  building  owner  and  architect  agreed  that  some 
insulation  was  desirable,  it  often  amounted  to  a  layer  of  mineral  fiber- 
board  or  perlite  board  from  1/2  to  1  inch  thick.  In  the  days  of  ample 
energy  for  heating  and  cooling  and  of  seemingly  endless  supplies  of 
crude  oil,  this  meager  provision  for  energy  conservation  seemed  reasonable 

As  prices  for  energy  began  to  rise  and  fuel  shortages  began  to 
appear  in  the  mid-1960s,  manufacturers  of  roofing  materials  along  with 
chemical  manufacturers  began  to  develop  and  produce  more  exotic  insula¬ 
tions,  such  as  cellular  plastics  (urethane  foam  and  polystyrene  foam) 
and  glass  fiber.  By  the  mid-1970s,  all  government  agencies  began  to 
document  energy  conservation  requirements.  The  Department  of  Defense 
(DOD)  Construction  Criteria  Manual  4270. 1M  of  October  1972  required  an 
overall  coefficient  of  heat  transmission  (U)  of  0.05  Btu/  hr/ft2/°F 
(R  =  20)  for  roofs.  It  was  realized  that  rather  large  heat  losses 
through  roofs  could  be  vastly  reduced  with  adequate  insulation. 

Since  by  far  the  vast  majority  of  roofs  are  built-up,  most  of  the 
applications  of  thicker  insulation  have  been  in  these  roofs.  There  has 
been  serious  concern  in  the  roofing  industry  that  thicker  insulation 
(higher  thermal  resistance)  in  a  built-up  roof  may  cause  extremely  high 
membrane  temperatures  which  could  severely  shorten  the  service  life  of 
the  roof  by  accelerating  deterioration  of  the  asphalt  ingredients 
(premature  loss  of  volatile  components,  hardening,  and  cracking  of  the 
asphalt)  (Ref  1  through  3).  In  a  National  Bureau  of  Standards  report 
published  in  1976,  Rossiter  and  Mathey  maintained  that  built-up  roof 
temperatures  increase  substantially  as  insulation  thickness  is  increased 
up  to  1  inch,  but  that  insulation  thicker  than  1  inch  will  not  add 
significantly  to  the  built-up  temperatures  (Ref  4). 

To  investigate  the  effects  of  higher  insulation  thicknesses  (high 
thermal  resistance)  upon  temperatures  in  built-up  roofs,  the  Civil 
Engineering  Laboratory  (CEL)  began  a  research  study  which  has  involved 
construction  and  instrumentation  of  insulated  built-up  roofs  placed  on 
small,  temperature-controlled  buildings. 


EXPERIMENTAL  PROGRAM 

Insulated  temperature-controlled  buildings  (ITCB)  were  designed  and 
built  to  accommodate  a  roof  size  of  8  x  8  feet.  Each  8  x  8-foot  roof 
consisted  of  two  4  x  8-foot  sections  to  provide  for  two  different  hot- 
mopped,  4-ply  built-up  membranes  placed  over  3/4-inch  plywood.  Asbestos 
felts  were  used  in  construction  of  the  4-ply  built-up  membranes.  Tem¬ 
perature  inside  the  ITCB  was  controlled  in  summer  by  an  air  conditioner 
(72-78°F)  and  in  winter  by  an  electric  heater  (65-70°F).  The  outside 
walls  were  sprayed  with  at  least  3  inches  of  polyurethane  foam  (PUF), 


ami  PUF  hoard  stork  2  inches  thick  was  used  in  the  floor.  One  of  the 
ITCBs  is  shown  in  Figure  1.  Composition  of  the  ITCB  roofs  and  their 
location  are  presented  in  Table  1. 

The  plans  for  the  three  different  ITCH  roofs  are  shown  in  figure  2. 

I  he  circled  Ts  indicate  positions  of  thermocouples  used  to  measure 
temperatures  in  and  through  the  roof  sections.  During  construction  of 
the  built-up  roofs,  thermocouples  were  placed  (1)  on  top  of  the  membrane 
(below  top  coating  or  surfacing),  (2)  below  the  membrane  (on  top  of  the 
insulation),  (3)  below  the  insulation  (on  the  plywood),  and  (4)  inside 
the  ITCH.  The  outside  air  temperature  above  the  roof  was  also  measured 
(about  3  feet  above  the  roof).  Hourly  temperatures  were  automatically 
recorded  on  a  digital  printout  instrument. 

TF.ST  RESULTS  SUMMER 

ITCB  No.  1:  2-1/2  Inches  Urethane/1  Inch  Perlite  -  Black  Roof  Surface 

ITCB  No.  1  was  designed  to  provide  a  side-by-side  comparison  of 
surface  temperatures  and  temperature  distribution  between  a  highly 
insulated  section  which  substantially  meets  current  energy  criteria  ( 2 - *5 
inches  of  urethane  board  stock)  and  one  which  is  representative  of  past 
usage  (1  inch  of  perlite  board  stock).  As  indicated  in  Table  1,  this 
roof  provided  contrasting  thermal  resistance  (R)  values  of  19.2  (urethane) 
and  2.8  (perlite).  Top  surfacings  of  the  two  built-up  roof  sections 
were  (1)  a  flood  coat  of  black  asphalt  or  (2)  white  grave)  (placed  in  a 
flood  coat  of  asphalt).  This  ITCB  was  located  at  a  high  desert  site 
that  is  subject  to  extremely  high  temperatures  in  summer  and  to  moderate 
freezing  temperatures  in  winter. 

Hourly  temperature  data  are  listed  in  Table  2  for  June  7-8,  1978. 
Column  1  lists  the  time  of  day,  while  columns  2  and  3  show  the  tempera¬ 
tures  at  the  top  of  the  built-up  roof  with  a  black  surface  over  urethane 
and  perlite,  respectively.  Columns  4  and  5  show  the  same  relationships 
for  the  membrane  with  a  white  gravel  surface.  Columns  6,  7,  8,  and  9 
indicate  the  same  data  just  below  the  membrane,  or  on  top  of  the  insula¬ 
tion.  Columns  10,  11,  12,  and  13  show  temperatures  just  below  the 
insulation,  reflecting  the  relative  effectiveness  of  the  insulation  to 
inhibit  heat  flow.  Columns  14  and  15  register  inside  and  outside  air 
temperatures,  respectively. 

Although  columns  2  and  3  for  both  days  show  temperature  differences 
up  to  20  degrees  at  the  hottest  time  of  the  day  at  the  top  of  the  roof, 
a  more  realistic  comparison  would  include  the  entire  built-up  roof 
membrane  (i.e.,  an  average  of  columns  2  and  6  for  the  membrane  over 
urethane  and  an  average  of  columns  3  and  7  for  the  membrane  over  perlite). 
Figure  3  shows  all  of  the  temperatures  involving  the  built-up  roof  with 
a  black  surface,  using  averages  of  "Top  of  BUR"  and  "Top  of  Insulation" 
to  obtain  membrane  temperatures.  Considering  first  the  membrane  temper¬ 
atures  over  urethane  and  perlite  (open  circles  and  open  squares),  the 
differences  at  the  higher  temperatures  may  not  seem  significant.  Some 
provocative  energy  relationships  are  revealed,  however,  when  the  total 
time-temperature  "envelope"  is  considered.  This  t ime-temperature  envelope 
is  obtained  by  measuring  the  area  under  each  of  the  curves  with  respect 


to  selected  datum  lines.  An  example  is  given  in  simplified  form  in 
Figure  4  which  repeats  the  June  7,  1978  temperature  data  lor  the  urethane 
portion  of  Figure  3  (columns  2,  6,  10,  and  15  of  Table  2). 

Assuming  that  the  temperatures  that  a  roof  experiences  result  from 
exposure  to  the  sun,  then  the  outside  air  temperature  is  a  measure  of 
the  intensity  of  the  sun  for  a  given  day,  influenced  directly  by  clouds 
and  wind  speed.  Accordingly  then,  the  area  ABCDA  in  Figure  4  can  be 
called  a  measure  of  the  "solar  heat  response,"  since  this  area  represents 
how  much  the  membrane  temperature  exceeds  the  outside  air  temperature 
(plus  signs)  during  the  daytime  hours  of  highest  solar  intensity  (i.e., 
between  0800  and  1900). 

The  solid  circles  in  Figure  4  are  the  temperatures  below  the  urethane. 
Assuming  that  75°F  is  a  reasonable  room  temperature  for  summer  and 
drawing  a  horizontal  line  at  that  temperature,  then  the  area  F.FGE  repre¬ 
sents  a  measure  of  the  "cooling  required"  for  the  hotter  portion  of  that 
day . 

In  early  morning  and  late  evening  the  membrane  temperatures  (open 
circles)  drop  below  the  outside  air  temperatures  (plus  signs)  primarily 
by  radiative  cooling.  Accordingly,  the  areas  HJAH  and  LCKL  represent  a 
measure  of  the  "radiative  cooling"  for  that  day. 

Examination  of  columns  6  and  10  of  Table  2  indicates  that  the 
temperature  of  the  membrane  increases  more  rapidly  than  the  temperature 
below  the  insulation,  due  to  the  very  nature  and  function  of  the  insula¬ 
tion  (nonsteady  state).  It  is  this  time  delay  between  the  instant  of 
highest  temperature  above  and  reaction  to  that  temperature  below  that 
makes  it  very  difficult  to  determine  a  true  instantaneous  temperature- 
drop  across  the  insulation.  Nevertheless,  the  area  MBNFM  between  the 
membrane  temperature  (open  circles)  and  the  temperature  below  the  insula¬ 
tion  (closed  circles)  can  be  used  as  a  measure  of  the  "insulation  effi¬ 
ciency"  relative  to  a  similarly  measured  area  between  the  corresponding 
two  curves  involving  a  different  insulation  on  the  same  roof.  In  winter, 
insulation  efficiency  is  determined  by  measuring  the  areas  between 
membrane  and  below  insulation  temperatures  in  the  early  and  late  daily 
hours  (e.g.,  HVMH  and  LNWL). 

Outside  air  temperatures  over  the  entire  day  not  only  indicate 
relative  heat  or  sun  intensity,  but  also  reflect  the  effects  of  cloud 
cover,  wind  speed,  and  radiation  from  the  membrane  during  early  morning 
and  late  night  hours.  Measurement  of  the  area  under  the  outside  temper¬ 
atures  (plus  signs)  with  respect  to  a  datum  temperature  of  0°F  then 
represents  a  measure  of  the  overall  temperature  severity  of  that  day. 
Referring  to  Figure  4,  the  area  PJDKRP  is  the  area  for  June  7,  1978 
referred  to  40°F;  the  area  between  40°F  and  0°F  must  be  added  to  obtain 
the  total  outside  air  temperature  area  for  that  day.  Similarly,  the 
outside  temperature  area  for  the  hottest  portion  of  the  day  (0800-1900) 
may  be  obtained  by  measuring  the  area  STDCUS  and  adding  to  it  the  area 
from  40°F  to  0°F  for  0800  to  190Q. 

All  hourly  temperatures  for  each  day  were  plotted  on  20  x  20  rec¬ 
tangular  grid  graph  paper,  and  areas  were  measured  with  a  compensating 
polar  planimeter  that  reads  to  four  digits.  One  square  inch  measured 
100.  Each  area  was  measured  three  times  to  minimize  errors  and  to 
obtain  an  average. 

Relative  energy  factors  and  selected  temperatures  for  the  black 
surface  portion  of  the  roof  on  ITCB  No.  1  are  shown  in  Table  3  for 
selected  days  in  late  spring,  summer,  and  early  fall  of  1977  and  1978. 
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Solar  Heat  Response.  Columns  14  and  15  of  Table  3(a)  show  the 
highest  membrane  temperatures  on  the  built-up  roof  membrane  with  a  black 
surface  during  each  day  and  column  16  lists  the  ratio  of  the  temperature 
over  the  urethane  to  the  temperature  over  the  perlite.  Temperature  over 
the  urethane  was  consistently  higher  and  the  ratio  averaged  1.09  (i.e., 
membrane  temperatures  over  the  urethane  averaged  9%  higher  than  over  the 
perlite).  Columns  2  and  3  show  areas  for  solar  heat  response  and  column  4 
indicates  the  ratio  of  the  urethane  portion  to  the  perlite  portion. 

Values  for  the  urethane  portion  were  consistently  higher  and  the  ratios 
averaged  1.29.  This  means  that  in  spite  of  what  appears  to  be  an  insig¬ 
nificant  difference  (9%)  on  the  basis  of  highest  membrane  temperature 
alone,  the  solar  heat  response  of  the  built-up  roof  membrane  over  urethane 
(R  =  19.2)  was  an  average  of  29%  more  than  that  over  the  perlite  (R  =  2.8). 
Variations  of  solar  heat  response  values  in  columns  2  and  3  reflect 
differing  degrees  of  solar  intensity  influenced  by  cloud  cover  and/or 
wind  speed.  Since  solar  heat  response  is  measured  during  the  hotter 
portion  of  the  daytime,  the  data  in  Table  3(a)  are  listed  in  decreasing 
order  of  solar  intensity  in  terms  of  outside  air  temperature  areas  for 
the  period  0800-1900  (column  21). 

Graphical  relationships  between  solar  heat  response  and  outside 
temperature  area  (0800-1900)  for  the  black  surface  membrane  over  urethane 
and  over  perlite  are  shown  in  Figure  5(a)  and  (b),  respectively.  Lines 
shown  are  least  squares  lines.  Figure  5(c)  illustrates  the  relationships 
between  the  two  least  squares  lines,  showing  that  solar  heat  response 
over  the  urethane  is  consistently  higher  and  increases  more  rapidly  as 
the  heat  intensity  increases  (to  the  right). 

Cooling  Required.  Columns  5  and  6  of  Table  3(a)  show  cooling 
required  and  column  7  lists  the  ratio  of  the  urethane  to  perlite  portions. 
As  expected,  considerably  more  cooling  is  required  in  the  perlite  portion 
due  to  the  lower  R-value.  Variations  in  columns  5  and  6  also  reflect 
effects  of  differing  solar  intensity  from  day  to  day.  Ratios  in  column  7 
show  a  trend  toward  lower  values  as  the  heat  intensity  decreases  (i.e., 
toward  the  bottom  of  the  table).  Lines  23  through  26,  days  with  the 
lowest  heat  intensity  (column  21),  show  the  lowest  ratios.  This  seems 
to  indicate  that  the  urethane  insulates  more  efficiently  at  lower  heat 
intensities.  This  is  consistent  with  available  data  which  show  that  the 
apparent  conductivity  of  polyurethane  foam  is  higher  at  100°F  than  at 
60°F  (Ref  5).  More  about  this  is  discussed  later  in  this  report.  The 
average  ratio  in  column  7  is  0.37,  which  means  that  the  perlite  portion 
(R  =  2.8)  requires  an  average  of  1  -r  0.37  =  2.70  times  as  much  cooling 
as  the  urethane  portion  (R  =  19.2).  Note  that  the  ratio  between  R-values 
is  6.86;  there  may  be  an  optimum  economic  thickness  of  insulation  (or 
R-valu°).  Graphically,  Figure  6  shows  cooling  required  for  both  urethane 
and  perlite  portions. 

Radiative  Cooling.  Columns  8  and  9  of  Table  3(a)  list  radiative 
cooling  values  and  column  10  shows  the  ratio  of  urethane  to  perlite. 

Values  over  the  urethane  are  consistently  higher  than  over  the  perlite 
but  there  are  significant  variations  caused  by  the  degree  to  which  the 
evening  and  night  sky  was  clear  or  cloudy.  Ratios  in  column  10  average 
1.28,  suggesting  that  the  built-up  roof  membrane  over  the  urethane 
(R  =  19.2)  radiates  an  average  of  28%  more  than  that  over  the  perlite 
(R  =  2.8).  Figure  7(a)  and  (b)  show  graphical  relationships  between 
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radiative  cooling  and  the  outside  temperature  area  from  0000  to  2400 
(column  22  of  Table  3(a))  for  urethane  and  perlite  portions,  respectively. 
In  both  cases,  the  trend  seems  to  be  toward  lower  values  at  the  extremities 
of  hotter  and  cooler  days  (curving  down  at  left  and  right  ends).  As 
indicated  in  Figure  7(c),  least  squares  lines  for  the  two  show  that 
radiative  cooling  is  higher  in  the  urethane  portion. 

Insulation  Efficiency.  Columns  11  and  12  of  Table  3(a)  show  insula¬ 
tion  efficiency  values  and  column  13  lists  the  ratios  of  urethane  to 
perlite.  As  expected,  the  efficiency  of  the  urethane  (R  =  19.2)  is 
consistently  higher  than  the  perlite  (R  =  2.8).  Ratios  average  1.53, 
suggesting  that  the  efficiency  of  the  urethane  is  an  average  of  only  53% 
higher  than  that  of  the  perlite,  the  rather  significant  R-value  ratio  of 
6.86  between  them  notwithstanding.  As  before,  these  results  suggest 
that  there  may  be  an  optimum  economical  R-value  for  insulation  in  a  roof 
of  this  type.  Figure  8  shows  the  graphical  relationships  between  the 
insulation  efficiencies. 

ITCB  No.  I:  2-1/2  Inches  Urethane/1  Inch  Perlite  -  White  Gravel  Roof 
Surface 


Figure  9  is  a  typical  plot  of  temperatures  involving  a  white  gravel 
roof  surface  for  August  1-2,  1977.  Figure  9  shows  that  differences 
between  membrane  temperatures  over  urethane  and  perlite  are  slight 
compared  with  those  in  Figure  3.  Table  3(b)  is  a  summary  of  energy 
factors  for  the  white  gravel  surface,  tabulated  in  decreasing  order  of 
heat  intensity  as  with  Table  3(a).  Columns  14  and  15  of  Table  3(b)  show 
considerably  lower  temperatures  than  the  corresponding  temperatures  in 
Table  3(a),  because  the  white  gravel  absorbs  much  less  heat  than  the 
black  surface. 

Solar  Heat  Response.  Columns  2  and  3  of  Table  3(b)  show  only 
slight  differences  between  solar  heat  response  of  urethane  and  perlite 
portions.  The  higher  value  alternates  between  the  two  throughout  the 
tabulation.  As  indicated  in  column  4,  the  average  ratio  of  urethane  to 
perlite  is  1.02,  which  is  considerably  less  than  the  corresponding 
average  ratio  of  1.29  found  in  Table  3(a)  for  a  black-surfaced  membrane. 
The  average  ratio  of  1.02  is  the  same  as  the  average  highest  membrane 
temperature  ratio  of  1.02,  shown  in  column  16  of  Table  3(b).  Further 
comparisons  can  be  made  between  Tables  3(b)  and  (a)  by  referring  to 
lines  (or  days)  of  equal  heat  intensity,  such  as  1  and  1,  2  and  2,  3  and 
5,  4  and  6,  5  and  7,  and  so  on. 

Graphical  relationships  of  solar  heat  absorption  for  urethane  and 
perlite  portions  are  presented  in  Figure  10(a)  and  (b) ,  respectively. 

The  effects  of  roof  surfacing  on  solar  heat  absorption  for  ITCB  No.  1 
are  shown  in  Figure  11.  White  gravel  surfacing  is  much  less  sensitive 
to  solar  heat  than  is  the  black.  The  color  contrast  between  black  and 
white  is  the  significant  factor  involved. 

Cooling  Required.  Columns  5  and  6  of  Table  3(b)  indicate,  as 
expected,  that  more  cooling  is  required  in  the  perlite  portion.  Wide 
variations  noted  in  the  values  are  also  reflected  in  the  ratios  in 
column  7.  There  seems  to  be  a  trend  toward  lower  ratios  as  the  heat 
intensity  decreases  (i.e.,  toward  the  bottom  of  the  table).  The  average 
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ratio  is  0 . 37,  which  is  the  same  as  the  average  ratio  shown  in  column  7 
of  Table  1(a)  tor  the  black  surface.  Graphical  relationships  of  cooling 
required  for  a  white  gravel  surface  over  urethane  and  perlite  are  shown 
m  Figure  12(a).  Comparisons  between  black  surface  and  white  gravel 
surface  data  over  urethane  and  over  perlite  are  shown  in  Figure  12(b) 
and  (c),  respectively.  Least  squares  lines  in  Figure  12(b)  are  almost 
parallel,  whereas  the  lines  in  Figure  12(c)  diverge  at  the  higher  heat 
intensities  (right  side  of  graph),  with  the  black  over  perlite  showing 
more  sensitivity  to  heat  than  the  white  gravel  over  perlite. 

Radiative  Cooling.  Columns  8  and  9  of  Table  3(b)  show  significantly 
higher  values  tor  the  urethane  portion.  Ratios  in  column  10  average 
1.  11,  which  is  only  slightly  different  from  the  corresponding  ratio  in 
column  10  of  Table  3(a).  Figure  11(a)  and  (b)  present  graphical  rela¬ 
tionships  between  radiative  cooling  and  the  outside  temperature  area 
(column  22  of  Table  3(b))  for  urethane  and  perlite  portions,  respectively. 
Figure  13(c)  shows  both  least  squares  lines. 

Insulation  Deficiency.  As  expected,  columns  11  and  12  of  Table  3(b) 
show  that  insulation  efficiency  of  the  urethane  portion  is  consistently 
higher  than  over  the  perlite.  The  average  ratio  '>f  1.24  shown  in  column  13 
is  somewhat  less  than  the  corresponding  ratio  (1.53)  in  column  13  of 
Table  3(a),  revealing  that  the  advantage  of  the  urethane  portion  is 
dramatically  reduced  by  the  surfacing  change  from  black  to  white  gravel. 
Insulation  efficiencies  for  the  urethane  and  perlite  portions  with  a 
white  gravel  surface  are  presented  in  Figure  14(a)  and  (b),  respectively. 
Figure  14(c)  shows  that  the  urethane  portion  is  more  efficient  than  the 
perl  i  te . 

ITCB  No.  2:  2-1/2  Indies  Urethane/1  Inch  Perlite  -  White  Roof  Surface 

As  indicated  in  Table  1,  this  roof  also  provided  contrasting  R-values 
of  19.2  (urethane)  and  2.8  (perlite).  As  shown  in  Figure  2,  top  surfacing 
was  (1)  white,  (2)  aluminum  gray,  or  (3)  gray  gravel.  ITCB  No.  2  was 
placed  in  the  same  high  desert  location  as  ITCB  No.  1. 

A  typical  temperature  plot  for  the  portion  with  a  white  surface  is 
presented  in  Figure  15  for  August  7-8,  1978,  days  of  relatively  high 
heat  intensity.  Relative  energy  factors  are  shown  in  Table  4(a). 

Highest  membrane  temperatures  in  columns  14  and  15  show  little  differences, 
although  that  over  the  urethane  was  always  higher.  The  ratio  between 
the  two  averaged  1.02,  as  shown  in  column  16. 

Solar  Heat  Response.  Columns  2  and  3  of  Table  4(a)  show  consis¬ 
tently  higher  values  for  the  urethane  portion.  At  the  higher  heat 
intensities  (top  lines  of  the  table),  column  4  shows  higher  ratios  and 
the  ratios  decrease  as  the  heat  intensity  decreases  (i.e.,  lines  7 
though  14  of  the  table).  The  ratio  in  line  13  seems  to  be  an  exception. 

The  average  solar  heat  response  ratio  is  1.41  which  means  that  even  with 
white  surfacing,  the  solar  heat  response  of  the  urethane  portion  is  an 
average  of  41%  higher  than  that  in  the  perlite  portion.  During  the 
hotter  days,  as  in  lines  1  through  6,  the  average  ratio  would  be  1.63. 

It  should  be  noted  that  the  order  of  magnitude  of  the  solar  heat  response 
values  in  columns  2  and  3  of  Table  4(a)  is  much  lower  than  those  in  both 
Table  3(a)  and  (b). 


Cooling  Required.  As  exported,  columns  5  ami  6  of  Table'  4(a)  show 
consistently  more  cooling  required  in  the  perlite  portion.  Ratios  of 
urethane  to  perlite  in  column  7  are  faitly  consistent  through  line  10 
(hotter  days),  but  lines  11  through  14  (less  heat  intensity)  show  dramatic 
decreases  in  ratios.  This  seems  to  indicate  either  that  the  perlite 
(R  =  2.8)  is  less  efficient  as  the  summer  heat  begins  to  cool  or  that 
the  relative  efficiency  ot  the  urethane  (R  =  19.2)  increases  as  the  heat 
intensity  reduces.  Overall  average  ratio  is  0.22,  which  means  that  the 
perlite  portion  required  an  average  of  4.54  (1  ~  0.22)  times  as  much 
cooling  as  the  urethane  portion  over  a  rather  wide  range  of  heat  inten¬ 
sities. 

Figure  16  shows  graphical  relationships  of  cooling  required  for 
urethane  and  perlite  portions.  The  urethane  portion  (lower  curve)  is 
much  less  sensitive  to  higher  heat  intensities.  The  increasing  divergence 
of  the  curves  as  heat  intensity  increases  (to  the  right)  also  illustrates 
the  superior  efficiency  of  the  urethane  portion  with  higher  thermal 
resistance . 

Radiative  Cooling.  Radiative  cooling  values  are  shown  in  columns  8 
and  9  of  Table  4(a).  In  lines  1  through  6  (higher  heat  intensities)  the 
higher  of  the  two  is  first  in  the  perlite  portion  and  then  in  the  urethane 
portion.  In  lines  7  through  14  the  urethane  values  are  consistently 
higher.  As  indicated  in  column  10,  the  average  ratio  of  urethane  to 
perlite  is  1.04.  Graphical  representations  of  radiative  cooling  for 
urethane  and  perlite  portions  are  shown  in  Figure  17(a)  and  (b) ,  respec¬ 
tively.  As  rioted  before,  the  curves  turn  down  at  the  extremities  of 
heat  intensity.  Figure  17(c)  shows  that  radiative  cooling  over  urethane 
is  slightly  higher  than  over  perlite. 

Insulation  Efficiency.  Columns  11  and  12  of  Table  4(a)  show  con¬ 
sistently  higher  values  of  insulation  efficiency  for  the  urethane  portion, 
as  expected.  Ratios  in  column  13  are  fairly  uniform  and  average  1.55, 
which  suggests  that  the  insulation  efficiency  in  the  urethane  portion  is 
an  average  of  55%  higher  than  in  the  perlite  portion.  Graphical  relation¬ 
ships  between  the  urethane  and  perlite  portions  are  shown  in  Figure  18. 
Convergence  of  the  lines  as  heat  intensity  decreases  (lower  outside 
temperature  area)  reveals  that  for  some  climatic  condition  between 
summer  and  winter,  the  insulation  efficiency  would  be  the  same  for  the 
two.  Winter  relationships  are  discussed  later  in  this  report. 

ITCBNo.  2:  2-1/2  I ri ches  Uret h ane/1  Inch  Perlite  -  Alum i num  Gray  Roof 

Surface 

Figure  19  is  a  temperature  plot  of  the  aluminum  gray  surface  portion 
of  1TCB  No.  2  for  August  7-8,  1978,  two  days  of  very  high  heat  intensity. 

Solar  Heat  Response.  Columns  2  and  3  of  Table  4(b)  show  consis¬ 
tently  higher  values  for  the  urethane  portion,  and  the  ratios  in  column  4 
average  1.22.  Highest  membrane  temperatures  in  columns  14  and  15  also 
show  that  temperatures  over  the  urethane  are  consistently  higher  than 
over  the  perlite,  but  ratios  in  column  16  average  only  1.05,  compared 
with  1.22  (column  4)  for  solar  heat  response.  Figure  20(a)  and  (b)  show 
least  squares  lines  for  solar  heat  response  over  urethane  and  over 
perlite,  respectively.  As  indicated  in  Figure  20(c),  the  two  lines 
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diverge  as  the  heat  intensity  increases  (to  the  right),  showing  that  the 
solar  heat  response  over  the  urethane  increases  faster  than  it  does  over 
the  perlite. 

Cooling  Required.  Columns  5  and  6  of  Table  4(b)  show  consistently 
higher  cooling  required  in  the  perlite  portion,  as  expected.  Ratios  in 
column  7  average  0.31.  Figure  21  shows  graphical  relationships  for 
cooling  required.  Divergence  of  the  least  squares  lines  as  heat  intensity 
increases  (to  the  right)  indicates  greater  sensitivity  of  the  perlite 
portion  to  heat,  as  expected. 

Radiative  Cooling.  Columns  8  and  9  of  Table  4(b)  show  that  during 
the  hotter  days,  lines  1  through  11,  radiation  is  higher  in  the  membrane 
over  the  perlite  than  it  is  over  the  urethane.  The  opposite  is  true  in 
lines  12  through  18,  the  less  heat  intensive  days  in  the  table.  Column  10 
shows  the  ratios  which  average  1.00.  Figure  22(a)  and  (b)  present 
graphical  relationships  of  radiative  cooling  for  the  membrane  portions 
over  urethane  and  perlite,  respectively.  The  least  squares  curves  are 
similar  to  those  in  Figure  7,  showing  that  radiation  decreases  sharply 
as  the  heat  intensity  decreases.  Figure  22(c)  shows  radiation  curves 
for  both  urethane  and  perlite  portions.  Radiative  cooling  is  higher  in 
the  perlite  portion  during  the  hottest  days. 

Insulation  Efficiency.  As  shown  in  columns  11  and  12  of  Table  4(b), 
efficiency  of  the  urethane  is  significantly  higher  than  the  perlite,  as 
expected.  Ratios  in  column  13  average  1.59,  which  means  that  the  urethane 
(R  =  19.2)  is  an  average  of  59%  more  efficient  than  the  perlite  (R  =  2.8). 
Figure  23  shows  least  squares  lines  of  insulation  efficiency  for  both 
urethane  and  perlite.  Efficiency  of  the  urethane  increases  more  rapidly 
than  that  of  the  perlite  as  heat  intensity  increases. 

1TCB  No .  2:  2-1/2  Inches  Urethane/ 1  Inch  Perlite  -  Gray  Gravel  Roof 

Su  r  fa  c e 

Figure  24  is  a  plot  of  the  temperatures  of  the  gray  gravel  surface 
portion  of  ITCB  No.  2  for  August  7-8,  1978.  As  in  all  the  other  plots, 
membrane  temperatures  over  the  urethane  are  higher  than  those  over  the 
perlite  in  the  hotter  part  of  the  day.  Table  4(c)  summarizes  the  relative 
energy  factors. 

Solar  Heat  Response.  Columns  2  and  3  of  Table  4(c)  show  that 
except  for  the  last  line  (18)  which  was  a  day  of  relatively  low  heat 
intensity  (column  21),  the  urethane  portion  experienced  more  solar  heat 
than  did  the  perlite  portion.  The  overall  average  ratio  in  column  4  is 
1.15,  which  means  that  the  urethane  portion  contained  an  average  of  15% 
more  solar  heat  than  the  perlite  portion.  Solar  heat  response  over 
urethane  and  perlite  is  shown  in  Figure  25(a)  and  (b) ,  respectively.  In 
Figure  25(c),  which  shows  both  least  squares  lines,  the  steeper  slope  of 
the  line  over  the  urethane  indicates  more  sensitivity  to  solar  heat  at 
the  higher  heat  intensities.  Figure  26(a)  and  (b)  present  least  squares 
lines  of  solar  heat  response  for  all  surfaces  of  ITCB  No.  2  over  urethane 
and  perlite,  respectively.  The  influence  of  the  white  color  in  reducing 
solar  heat  response  is  quite  dramatic. 
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Cooling  Required.  Columns  5  and  6  of  Table  4(c)  show  that  in  all 
cases  more  cooling  is  required  in  the  perlite  portion.  Ratios  in  column  7 
are  fairly  uniform  except  for  lines  17  and  18,  days  of  lowest  heat 
intensity.  The  overall  average  ratio  is  0.21;  excluding  lines  17  and 
18,  the  average  ratio  is  0.23,  which  means  that  for  16  of  the  days 
selected,  the  perlite  portion  required  4.35  (1  t  0.23)  times  as  much 
cooling  as  the  urethane  portion.  As  indicated  in  Figure  27,  cooling 
required  in  the  urethane  portion  is  much  less  sensitive  to  heat  intensity. 
Figure  28(a)  and  (b)  show  comparisons  of  cooling  required  for  all  three 
surfaces  used  on  ITCB  No.  2  over  urethane  and  perlite,  respectively.  In 
both  cases,  the  portion  with  the  aluminum  gray  required  the  most  cooling 
while  the  white  portion  required  the  least. 

Radiative  Cooling.  Columns  8  and  9  of  Table  4(c)  show  that,  except 
for  lines  15,  17,  and  18,  the  membrane  over  the  perlite  radiates  more 
than  that  over  the  urethane.  Ratios  in  column  10  average  0.92,  showing 
mild  variations.  Figure  29(a)  and  (b)  present  graphical  representations 
of  radiative  cooling  over  urethane  and  perlite,  respectively.  Figure  29(c) 
shows  that  radiative  cooling  in  the  perlite  portion  is  higher  at  the 
higher  heat  intensities.  Radiative  cooling  relationships  for  all  three 
surfaces  on  ITCB  No.  2  are  presented  in  Figure  30.  Throughout  all  heat 
intensities,  radiative  cooling  is  significantly  higher  in  the  portion 
with  a  white  surface. 

Insulation  Efficiency.  As  expected,  columns  11  and  12  of  Table  4(c) 
show  that  the  urethane  portion  is  considerably  more  efficient  than  the 
perlite.  Ratios  in  column  13  are  fairly  uniform  and  average  1.52. 

Least  squares  lines  of  insulation  efficiency  for  urethane  and  perlite 
portions  are  shown  in  Figure  31. 

ITCB  No.  3:  1  Inch  Urethane/ 1 - 7/8  Inches  Glass  Fiber  -  Black  Roof 

Surface 

As  indicated  in  Table  1,  this  roof  provided  R-values  of  7.1  and  7.7 
for  urethane  and  glass  fiber  portions,  respectively.  Top  surfacing  was 
(1)  black  asphalt  or  (2)  gray  gravel.  ITCB  No.  3  was  located  at  CEL, 

Port  Hueneme,  Calif.,  a  seashore  site  where  moderate  summer  and  winter 
temperatures  prevail.  Relative  energy  factors  for  the  black  surface  are 
shown  in  Table  5(a)  and  black  surface  temperatures  for  June  9-10,  1979 
are  presented  in  Figure  32. 

Solar  Heat  Response.  Columns  2  and  3  of  Table  5(a)  show  only  minor 
differences  in  solar  heat  response  between  the  portions  over  urethane 
and  glass  fiber.  Ratios  of  glass  fiber  to  urethane  in  column  4  average 
1.01.  Highest  membrane  temperatures  in  columns  14  and  15  also  show 
minor  differences,  with  the  higher  of  the  two  also  alternating  from  one 
to  the  other. 

Cooling  Required.  Columns  5  and  6  of  Table  5(a)  show  very  little 
difference  between  the  two  for  cooling  required.  At  the  higher  heat 
intensities,  lines  1  through  6,  the  values  over  urethane  are  higher 
(except  for  line  5).  At  lower  heat  intensities,  values  over  glass  fiber 
are  higher.  Ratios  average  1.01. 


9 


Radiat  i  ve_Coo  lj  ng .  Columns  8  and  9  of  Table  5(a)  show  consistently 
higher  radiation  in  the  gLass  fiber  portion.  Ratios  in  column  10  average 
1.24,  which  means  that  radiative  cooling  in  the  membrane  over  glass 
fiber  was  1.24  times  as  high  as  that  over  the  urethane. 

I nsu laj. i^on  Efficiency .  Columns  11  and  12  of  Table  5(a)  show  rela¬ 
tively  minor  differences  between  the  two  over  all  the  heat  intensities. 

The  highest  differences  seem  to  be  in  the  moderate  heat  intensity  range, 
lines  5  through  7,  where  the  efficiency  of  the  glass  fiber  is  higher. 

Ratios  in  column  13  average  1.01. 

1TCB  N o  .  3  : _ 1  Inch  Urethane/ 1 -7/8  Inches  Glass  Fiber  -  Gray  Gravel 

Roof  Surface 

Gray  gravel  surface  temperatures  for  June  9-10,  1979  are  shown  in 
Figure  33.  Except  for  the  membrane  temperatures  during  the  hottest  part 
of  the  day,  there  are  very  little  differences  between  the  urethane  and 
glass  fiber  temperatures.  Relative  energy  factors  are  presented  in 
Table  5(b). 

So|a_r  Heat  Response.  Columns  2  and  3  of  Table  5(b)  show  consis¬ 
tently  higher  values  for  the  membrane  over  glass  fiber.  Column  4  indi¬ 
cates  an  average  ratio  of  1.09.  Except  for  line  9,  highest  membrane 
temperatures  in  columns  14  and  15  are  over  the  glass  fiber.  Ratios  in 
column  16  average  1.02. 

Cooling  Required.  Columns  5  and  6  of  Table  5(b)  show  moderate 
variations,  with  the  higher  of  the  two  switching  from  one  to  the  other. 

The  ratio  of  glass  fiber  to  urethane  in  column  7  averages  0.96. 

Radiative  Cooling.  Columns  8  and  9  of  Table  5(b)  indicate  that  in 
six  of  the  10  lines,  the  membrane  over  the  urethane  radiates  more  than 
that  over  the  glass  fiber;  in  line  10  they  are  equal  and  in  the  other 
three  lines  the  membrane  over  the  glass  fiber  radiates  more.  Ratios  in 
column  10  average  0.97. 

Insulation  Efficiency.  Columns  II  and  12  of  Table  5(b)  reveal  that 
the  efficiency  of  the  glass  fiber  is  consistently  higher  than  the  urethane. 
Ratios  in  column  13  are  fairly  uniform  and  average  1.13,  which  means 
that  the  glass  fiber  portion  is  an  average  of  13%  more  efficient  than 
the  urethane  portion. 


TEST  RESULTS  -  WINTER 

1TCR  No .  2:  2-1/2  Inches  Urethane/1  Inch  Perlite  -  White  Roof  Surface 

White  surface  temperatures  for  December  7-8,  1978  are  shown  in 
Figure  34.  Target  interior  temperature  for  measurement  of  heating 
required  is  68°F,  whereas  the  target  interior  temperature  for  cooling 
(summer)  was  75°F.  Relative  energy  factors  are  presented  in  Table  6(a) 
which  lists  the  coldest  days  at  the  top,  based  on  outside  temperature 
area  from  0000  to  2400  (column  22). 
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Solar  Heat  Response.  Columns  2  and  3  of  Table  6(a)  show  low  values 
of  solar  heat  response  as  might  be  expected  in  winter  with  a  white 
surface.  Values  over  the  perlite  portion  were  consistently  higher  than 
over  the  urethane,  whereas  in  summer,  the  opposite  was  true  (see  columns  2, 
3,  and  4  of  Table  4(a)).  Based  on  summer  results,  it  was  expected  that 
the  urethane  portion  with  a  white  surface  would  contain  slightly  more 
heat  than  the  perlite  portion  on  a  winter  day,  but  that  slight  advantage 
is  more  than  overcome  by  the  higher  temperature  in  the  membrane  over  the 
perlite  shown  from  0000  to  0800  in  Figure  34.  Higher  radiative  cooling 
in  the  membrane  over  the  urethane  (columns  8  and  9  of  Table  6(a)),  as 
well  as  higher  heat  conduction  through  the  perlite,  makes  the  perlite 
portion  warmer  than  the  urethane  portion. 

Heating  Required.  The  areas  between  the  "below  urethane"  and 
"below  perlite”  temperature  plots  and  the  horizontal  line  lor  68°F 
represent  heating  required  for  the  urethane  and  perlite  portions,  respec¬ 
tively.  Columns  5  and  6  of  Table  6(a)  show  that  consistently  more  heat 
is  required  in  the  perlite  portion,  as  expected.  Ratios  of  urethane  to 
perlite  in  column  7  average  0.47  and  indicate  a  trend  toward  lower 
ratios  in  the  warmer  winter  days  (line's  3  and  6). 

Rad i at  ive  Coojing.  Columns  8  and  9  of  Table  6(a)  show  consistently 
higher  radiation  in  the  membrane  over  the  urethane.  Ratios  in  column  10 
average  2.08  hut  indicate  a  trend  toward  higher  values  as  days  are 
warmer  (lines  5  and  6). 

Insulation  Efficiency .  Columns  11  and  12  of  Table  6(a)  show  that 
the  urethane  portion  is  consistently  more  efficient.  Ratios  in  column  13 
are  fairly  uniform  and  average  1.61.  This  ratio  compares  favorably  with 
the  corresponding  ratio  for  insulation  efficiency  shown  in  column  13  of 
Table  4(a). 

ITCB  No.  2:  2-1/2  Inches  Urethane/J  InchPer 1 ite  -  Aluminum  Gray  Roof 

Surface 

Aluminum  gray  surface  temperatures  for  December  7-8,  1978  are  shown 
in  Figure  35.  Relative  energy  factors  are  presented  in  Table  6(b). 

Solar  Heat  Response.  Columns  2  and  3  of  Table  6(b)  show  that 
neither  of  the  two  is  consistently  higher  than  the  other,  although  solar 
heat  response  in  the  membrane  over  urethane  is  higher  in  four  of  the  six 
cases.  Ratios  of  urethane  to  perlite  in  column  4  are  fairly  low,  indi¬ 
cating  very  little  difference  between  the  two. 

Hea^ng  Required.  Columns  5  and  6  of  Table  6(b)  show  consistently 
higher  values  in  the  perlite  portion.  Ratios  of  urethane  to  perlite 
indicated  in  column  7  average  0.57,  with  a  trend  toward  higher  values  in 
warmer  days  (lines  5  and  6). 

Radiative  CooJLinj>.  Columns  8  and  9  of  Table  6(b)  show  that  radia¬ 
tion  is  consistently  higher  in  the  membrane  over  urethane.  Ratios  in 
column  10  indicate  considerable  variations,  with  extreme  values  on 
warmer  days  (lines  5  and  6). 
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Insulation  Efficiency.  Columns  11  and  12  of  Table  6(b)  show  con¬ 
sistently  higher  efficiency  of  the  urethane  portion,  as  expected. 

Ratios  in  column  13  are  fairly  uniform,  averaging  1.57.  This  compares 
quite  favorably  with  the  average  ratio  in  column  13  of  Table  4(b)  for 
summer . 

ITCB  No .2 :  2-1/2  Inches  Urethane/1  Inch  Perlite  -_  Gray  Gravel  Roof 

Surface 

Gray  gravel  surface  temperatures  for  December  7-8,  1978  are  quite 
similar  to  those  shown  in  Figure  35  for  the  aluminum  gray  surface. 

Relative  energy  factors  are  shown  in  Table  6(c). 

Solar  Heat  Response .  Columns  2  and  3  of  Table  6(c)  show  consis¬ 
tently  higher  heat  response  in  the  perlite  portion.  Ratios  of  urethane 
to  perlite  indicated  in  column  4  average  0.90.  Figure  36(a)  and  (b) 
present  solar  heat  response  least  squares  lines  for  all  three  surfaces 
of  ITCB  No.  2  over  urethane  and  perlite,  respectively.  Of  the  three 
surfaces,  aluminum  gray  experiences  the  most  heat  and  white  the  least. 

This  same  relationship  among  aluminum  gray,  gray  gravel,  and  white  was 
ohserved  in  Figure  26  for  summer  conditions. 

Heating  Required.  Columns  5  and  6  of  Table  6(c)  show  that  the 
perlite  portion  requires  consistently  more  heating  than  the  urethane 
portion.  Ratios  of  urethane  to  perlite  in  column  7  average  0.58. 

Figure  37(a)  and  (b)  present  least  squares  lines  of  heating  required  for 
all  surfaces  over  urethane  and  perlite,  respect i ve 1 y .  The  gray  gravel 
surface  required  the  most  heating  over  urethane  (Figure  37(a)),  while 
the  white  surface  required  the  most  over  perlite  (Figure  37(b)). 

Radiative  Cooling.  Columns  8  and  9  of  Table  6(c)  show  that  the 
urethane  portion  radiates  ions i stent  1 v  more  heat  than  the  perlite  portion. 
The  warmer  days  show  extreme  variations  (lines  5  and  6).  Ratios  in 
column  10  average  9.94,  but  the  ratios  for  lines  5  and  6  are  so  large 
that  the  overall  average  has  little  significance.  The  average  ratio  of 
the  first  four  lines  is  2.17.  Figure  38(a)  and  (b)  show  least  squares 
lines  of  radiative  cooling  for  all  surfaces  over  urethane  and  perlite, 
respectively.  Both  over  urethane  and  over  perlite,  the  white  surface 
radiates  the  most  and  the  aluminum  gray  the  least. 

Insulation  Efficiency.  Columns  11  and  12  of  Table  6(c)  show  that 
the  urethane  portion  is  consistently  more  efficient  than  the  perlite 
portion  Ratios  in  column  13  are  fairly  uniform  and  average  1.64. 

Figure  39(a)  and  (b)  show  least  squares  lint's  of  insulation  efficiency 
over  urethane  and  perlite,  respectively.  Over  both  urethane  and  perlite, 
the  white  surface  is  most  efficient.  Over  urethane  the  aluminum  gray 
and  gray  gravel  surfaces  indicate  about  the  same  efficiency  (Figure  39(a)), 
while  the  aluminum  gray  is  slightly  more  efficient  over  perlite  than  the 
gray  gravel  (Figure  39(b)). 
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GENERAL  DISCUSSION  OF  TEST  RESULTS 


Solar  Heat  Response 

Each  of  the  26  lines  in  Table  3(a)  represents  one  day,  so  the 
average  shown  at  the  bottom  of  the  table  is  a  daily  average  over  a  wide 
range  of  summer  heat  intensities.  Plotting  of  daily  values  yields  least 
squares  lines  as  in  Figure  5.  Figure  40  is  a  compilation  of  the  pertinent 
portions  of  Figures  11  and  26.  Figure  40(a)  shows  the  relationships 
over  urethane,  while  Figure  40(b)  presents  relationships  over  perlite. 

The  gap  between  white  gravel  and  white  surfaces  is  probably  due  to  the 
"heat  sink"  capacity  of  the  "gravel"  portion  of  the  white  gravel. 

Table  7  was  constructed  by  obtaining  the  intercepts  of  the  least 
squares  lines  in  Figure  40  with  selected  outside  temperature  area  values 
(measure  of  heat  intensity).  For  a  built-up  roof  with  a  black  surface, 
the  average  solar  heat  response  shown  in  column  4  of  Table  7  (1.27) 
compares  favorably  with  the  average  in  column  4  of  Table  3(a)  (1.29). 

The  overall  average  of  1.27  in  Table  7  means  that  over  a  wide  range  of 
heat  intensities,  the  black-surfaced  membrane  over  urethane  (R  =  19.2) 
contained  an  average  of  27%  more  solar  heat  response  than  the  membrane 
over  perlite  (R  =  2.8).  One  of  the  purposes  of  this  study  was  to  deter¬ 
mine  whether  the  increased  thermal  insulation  required  to  meet  demands 
for  energy  conservation  would  affect  life  and  performance  of  built-up 
roof  membranes  placed  over  it.  The  authors  believe  that  an  increase  of 
27%  in  solar  heat  response  in  a  built-up  roof  with  a  black  surface  will 
reduce  significantly  the  effective  life  by  accelerating  decomposition  of 
the  bitumen,  thereby  contributing  to  early  embrittlement  and  premature 
loss  of  flexibility  of  the  membrane.  The  extra  heat  will  also  accelerate 
formation  of  blisters.  Measurement  of  progressive  embrittlement  of 
asphalt  was  not  possible  in  the  relatively  short  timeframe  of  the  study. 

Average  ratios  for  other  surfacings  in  Table  7  indicate  (1)  1.21 
for  aluminum  gray,  (2)  1.13  for  gray  gravel,  (3)  1.01  for  white  gravel, 
and  (4)  1.31  for  white.  Except  for  white  gravel  (1.01),  these  ratios 
are  considered  significant.  In  most  cases,  the  ratios  for  hottest 
weather  (top  lines)  are  higher.  One  way  to  minimize  solar  heat  response 
when  the  thermal  resistance  to  heat  flow  must  be  increased  is  to  place  a 
portion  of  the  insulation  in  the  ceiling  rather  than  putting  all  of  it 
on  the  roof. 

The  rather  dramatic  influence  of  surface  color  on  solar  heat  response 
is  evident  in  both  Figure  40(a)  and  (b).  Table  8(a)  and  (b)  show  reduc¬ 
tions  in  solar  heat  response  due  to  roof  surfacing  over  urethane  and 
perlite,  respectively.  Columns  2  through  6  in  Table  8(a)  and  (b)  came 
from  Table  7.  For  example,  values  in  column  2  of  Table  8(a)  are  identical 
to  those  in  column  2  of  Table  7.  Likewise,  values  in  column  2  of  Table 
8(b)  are  identical  to  those  in  column  3  of  Table  7.  Table  8(a)  shows 
that  at  the  highest  heat  intensity  (top  line  of  the  table)  solar  heat 
response  in  a  4-ply  built-up  roof  over  2-1/2  inches  of  urethane  insulation 
can  be  reduced  (1)  33.0%  (column  7)  by  changing  from  black  to  aluminum 
gray,  (2)  34.1%  (column  8)  by  changing  from  black  to  gray  gravel,  (3)  64.8% 
(column  9)  by  changing  from  black  to  white  gravel,  and  (4)  89.4%  (column  10) 
by  changing  from  black  to  white.  Likewise,  columns  11  through  13  list 
reductions  by  changing  from  aluminum  gray  to  gray  gravel,  white  gravel, 
and  white,  respectively.  Columns  14  and  15  show  reductions  by  changing 
from  gray  gravel  to  white  gravel  and  white,  respectively.  Column  16 
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shows  reductions  by  changing  from  white  gravel  to  white.  Obviously,  a 
few  of  those  changes  in  surfac ings  shown  in  Table  8  would  be  impractical, 
but  most  of  them  present  reasonable  alternatives  to  drastic  roofing 
alterations  to  reduce  energy  consumption.  Average  reductions  for  the 
surface  changes  are  shown  in  the  last  line  of  Table  8(a). 

Table  8(b)  reveals  the  same  data  for  a  4-ply  built-up  roof  over 
1  inch  of  perlite  insulation.  These  results  are  even  more  significant 
than  those  over  urethane  because  many  older  roofs  have  1  inch  of  perlite 
or  equivalent  thermal  resistance.  Depending  on  present  surfacing, 
average  reductions  in  solar  heat  response  up  to  89.2%  (last  line  of 
column  10)  can  be  achieved  simply  by  changing  surfacing,  in  this  case 
from  black  to  white.  Such  a  reduction  in  solar  heat  response  will 
reduce  significantly  the  air  conditioner  loads  during  times  of  high 
summer  heat. 

To  translate  such  reductions  in  solar  heat  response  over  perlite 
into  more  meaningful  terms.  Table  9  and  Figure  41  were  prepared.  Values 
for  columns  2  through  7  of  Table  9  came  from  Table  8  and  Figures  6,  21, 

27,  and  40.  Figure  41  is  a  plot  of  data  in  columns  2  through  7  of 
Table  9.  Using  the  average  reductions  in  solar  heat  response  presented 
in  Table  8(b),  Table  10  was  constructed  to  show  reductions  in  cooling 
required  which  correspond  to  certain  reductions  in  solar  heat  response. 
Referring  to  Table  10(a),  the  solar  heat  response  value  of  700  in  line  1 
of  column  3  is  the  highest  solar  heat  response  obtainable  with  the 
"black  over  perlite"  curve  in  Figure  41.  From  Figure  41,  the  corres¬ 
ponding  cooling  required  (495)  is  entered  on  line  1  of  column  4. 

When  the  surface  is  changed  from  black  to  aluminum  gray,  column  7 
of  Table  8(b)  indicates  an  average  reduction  of  34.1%  in  solar  heat 
response;  this  figure  is  entered  in  line  3  of  column  3  in  Table  10.  The 
reduced  solar  heat  response  for  line  2  of  column  3  can  then  be  calculated: 
700  x  (1.00  -  0.341)  =  461.  Using  the  "black  over  perlite"  curve  in 
Figure  41,  the  cooling  required  corresponding  to  a  solar  heat  response 
of  461  is  226;  this  value  is  entered  on  line  2  of  column  4  in  Table  10. 

The  reduction  in  cooling  required  which  corresponds  to  a  34.1%  reduction 
in  solar  heat  response  is  then  calculated  as  follows:  495  -  226  t 
495  x  100  =  54.3%.  Thus  a  change  in  surface  from  black  to  aluminum  gray 
reduces  the  solar  heat  response  by  34.1%  but  also  reduces  cooling  required 
by  54.3%.  Similarly,  column  10  of  Table  10  shows  that  a  change  from 
black  to  white  reduces  cooling  required  by  93.1%. 

Table  10(b)  and  (c)  show  reductions  in  cooling  required  when  roof 
surface  is  changed  from  aluminum  gray  and  from  gray  gravel,  respec¬ 
tively.  Admittedly,  some  of  the  changes  are  impractical,  but  all  are 
presented  for  completeness. 

When  aluminum  gray  is  changed  to  white,  Table  8(b)  shows  a  reduction 
of  83.4%  (column  13)  in  solar  heat  response  and  Table  10(b)  indicates  a 
corresponding  reduction  of  °4.1%  (column  8)  in  cooling  required.  In 
winter,  the  effects  of  changing  from  aluminum  gray  to  white  are  somewhat 
different.  Table  6  showi  relative  energy  factors  for  winter.  In  this 
discussion,  the  most  impirtant  energy  factor  is  heating  required,  because 
it  is  involved  throughout  the  entire  day,  0000  to  2400,  as  shown  in 
Figures  34  and  35.  Figi  re  37  presents  appropriate  data  for  winter. 

Table  11  was  constructei  by  taking  intercepts  of  the  lines  on  Figure  37(b) 
with  selected  outside  temperature  area  values.  Data  corresponding  to 
the  coldest  weather  apjear  on  the  top  line  of  Table  11. 
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Columns  2  and  4  of  Table  11  show  heating  required.  Ratios  of  white 
to  aluminum  gray  are  listed  in  column  6.  In  the  coldest  weather  (top 
line)  the  ratio  is  1.16  which  means  that  a  change  from  aluminum  gray  to 
white  would  result  in  heating  requirement  16%  higher.  The  overall 
average  increase  of  19%  shown  at  the  bottom  of  column  6  does  not  approach 
the  order  of  magnitude  of  the  reduction  in  cooling  required  in  summer 
(94.1%).  Since  we  are  dealing  with  time-temperature  "areas"  and  not 
"heat  units,"  these  comparisons  must  be  viewed  as  relative. 

Radiat  i ve  Cooling 

Figure  42(a)  and  (b)  show  radiative  cooling  relationships  for  all 
surfaces  of  ITCB  No.  1  and  No.  2  over  urethane  and  over  perlite,  respec¬ 
tively.  Except  for  the  coolest  temperatures  (left  side  of  graph),  the 
white  surface  shows  highest  radiative  cooling  in  both  cases.  Columns  2 
through  6  of  Table  12(a)  and  (b)  give  the  ordinates  on  the  respective 
curves  corresponding  to  the  outside  temperature  values  shown  in  column  1 
over  urethane  and  perlite,  respectively.  Columns  7  through  10  show 
ratios  between  radiative  cooling  for  the  gray  gravel  surface  and  the 
other  surfaces.  Average  ratios  in  Table  12  show  little  differences 
between  gray  gravel  and  aluminum  gray  (column  7)  but  increasing  differ¬ 
ences  for  the  other  surfaces,  with  the  white  surface  having  the  highest 
ratio  both  over  urethane  (1.92)  and  over  perlite  (1.67). 

For  a  given  surface,  differences  in  radiative  cooling  over  urethane 
and  over  perlite  are  pr  .ented  in  Table  13.  Radiative  cooling  data  for 
Table  13  came  from  Table  12.  For  example,  column  2  of  Table  13  came 
from  column  5  of  Table  12(a)  and  column  3  of  Table  13  came  from  column  5 
of  Table  12(b).  For  each  of  the  surfaces,  the  third  column  (4,  7,  10, 

13,  and  16)  shows  ratios  between  urethane  and  perlite.  Overall  average 
ratios  show  that  with  black  (column  4),  white  gravel  (column  7),  and 
white  (column  10),  radiative  cooling  is  higher  over  the  urethane  (R  =  19.2) 
than  the  perlite  (K  =  2.8)  by  28%,  27%,  and  6%,  respectively.  Radiative 
cooling  over  perlite  is  slightly  higher  than  over  the  urethane  in  membranes 
with  surfaces  of  aluminum  gray  (column  13)  and  gray  gravel  (column  16). 

Table  6  shows  that  in  winter  the  radiative  cooling  for  all  surfaces 
is  consistently  higher  in  the  membrane  over  urethane.  As  in  the  summer, 
the  highest  radiative  cooling  took  place  in  the  membrane  with  a  white 
surface . 

Since  all  measurements  and  analyses  in  this  study  were  conducted 
under  non-steady  state  conditions,  it  is  not  expected  that  heat  flow 
equations  based  on  steady  state  assumptions  will  apply.  The  authors 
acknowledge  the  basic  value  of  mathematical  equations  for  expressing 
engineering  phenomena.  We  believe  that  experiments  in  the  "real  world" 
also  contribute  to  the  general  store  of  knowledge  and  sometimes  open 
doors  to  new  approaches  to  understanding  these  phenomena. 

It  has  been  suggested  that  the  heat  capacity  (specific  heat)  of 
insulation  has  a  profound  influence  on  the  surface  temperatures  it 
experiences.  That  is,  a  built-up  roof  containing  an  insulation  with  a 
high  heat  capacity  would  be  expected  to  show  higher  surface  temperatures 
than  one  containing  an  insulation  with  a  low  heat  capacity.  Thus,  if 
urethane  has  a  significantly  higher  heat  capacity  than  perlite,  the 
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built-up  roof  over  urethane  should  show  higher  temperatures.  An  inves¬ 
tigation  of  measured  or  observed  specific  heat  values  shows  that  there 
is  considerable  confusion  as  to  what  the  values  are  for  any  of  the 
customary  insulations  used  in  roofing.  Some  authorities  show  a  higher 
specific  heat  for  urethane  than  for  perlite  and  other  sources  show  that 
they  are  about  the  same.  Still,  others  do  not  show  any  specific  heats 
at  all.  The  authors  believe  that  until  the  true  specific  heats  can  be 
determined,  this  matter  must  remain  unresolved.  From  the  data  presented 
in  this  report,  a  built-up  roof  over  2-1/2  inches  of  urethane  will  be 
considerably  hotter  than  one  over  1  inch  of  perlite. 


CONCLUSIONS 

1.  Other  things  being  equal,  a  built-up  roof  membrane  placed  over 
insulation  with  high  thermal  resistance  will  be  subjected  to  significantly 
higher  temperatures  than  one  placed  over  insulation  with  a  low  thermal 
resistance.  These  higher  temperatures  are  likely  to  reduce  the  service 
life  of  a  black  roof  by  accelerating  decomposition  and  embrittlement  of 
bitumens.  Higher  temperatures  will  occur  whether  the  high  thermal 
resistance  is  obtained  with  one  thickness  of  board  stock  or  with  multiple 
layers  and  regardless  of  the  roof  surfacing,  although  some  light  colored 
surfacings  greatly  reduce  the  order  of  magnitude  and  overall  effect  of 
the  higher  temperatures. 

2.  Color  and  type  of  roof  surfacing  directly  affect  the  solar  heat 
response  and  radiative  cooling  of  a  built-up  roof.  To  minimize  membrane 
temperature  effects  on  built-up  roofs,  surfacings  in  order  of  best  to 
worst  are  (1)  white,  (2)  white  gravel,  (3)  gray  gravel,  (4)  aluminum 
gray,  and  (5)  black. 

3.  Over  a  wide  range  of  heat  intensities,  the  black-surfaced  membrane 
over  urethane  (K  =  19.2)  showed  an  average  of  27%  higher  solar  heat 
response  than  the  membrane  over  perliti  (R  =  2.8). 

4.  At  the  highest  heat  intensities  in  summer,  solar  heat  response  in  a 
4-ply  built-up  roof  over  2-^  inches  of  urethane  can  be  reduced  (1)  33.0% 
by  changing  the  top  surfacing  from  black  to  aluminum  gray,  (2)  34.1%  by 
changing  from  black  to  gray  gravel,  (3)  64.8%  by  changing  from  black  to 
white  gravel,  and  (4)  89.4%  by  changing  from  black  to  white.  Over  the 
whole  range  of  heat  intensities,  the  average  reduction  in  solar  heat 
response  by  changing  from  black  to  white  is  88.8%. 

5.  At  the  highest  heat  intensities  in  summer,  solar  heat  response  in  a 
4-ply  built-up  roof  over  1  inch  of  perlite  can  be  reduced  (1)  29.5%  by 
changing  top  surfacing  from  black  to  aluminum  gray,  (2)  30.9%  by  changing 
from  black  to  gray  gravel,  (3)  56.1%  by  changing  from  black  to  white 
gravel,  and  (4)  89.9%  by  changing  from  black  to  white.  Over  the  whole 
range  of  heat  intensities,  the  average  reduction  in  solar  heat  response 
by  changing  from  black  to  white  is  89.2%. 

6.  Reductions  in  solar  heat  response  also  result  in  corresponding 
reductions  in  cooling  required.  Over  1  inch  of  perlite,  an  average 
reduction  of  89.2%  in  solar  heat  response  when  black  is  changed  to  white 
also  results  in  a  93.1%  reduction  in  cooling  required. 
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7.  Advantages  gained  by  changing  surfacing  to  reduce  solar  heat  response 
and  cooling  required  in  summer  far  outweigh  the  corresponding  slight 
increases  in  heat  required  in  winter. 

8.  There  may  be  an  optimum  economic  thickness  of  insulation  for  a  given 
type  of  built-up  roof. 

RECOMMENDATIONS 

1.  When  it  is  necessary  to  improve  thermal  resistance  of  an  existing 
roof  to  reduce  energy  consumption,  serious  consideration  should  be  given 
to  changing  the  surfacing  to  a  lighter  color  as  an  alternative  to  more 
expensive  reroofing.  Another  alternative  is  to  place  additional  insula¬ 
tion  in  the  ceiling  to  avoid  increasing  the  membrane  temperatures  by 
adding  insulation  to  the  roof. 

2.  When  possible  in  new  roof  design,  it  is  recommended  that  provisions 
be  made  to  place  the  bulk  of  the  insulation  in  the  ceiling  rather  than 
on  the  roof. 

3.  When  there  is  no  ventilated  area  with  a  ceiling  and  all  insulation 
required  for  energy  conservation  must  be  placed  on  the  roof,  it  is 
strongly  recommended  that  it  have  the  lightest  colored  surfacing  commen¬ 
surate  with  the  design.  For  example,  if  the  roof  is  to  be  smooth  surfaced, 
a  white  coating  should  be  specified;  if  the  roof  is  to  be  gravelled, 
white  g’-.ivel  (limestone)  is  preferred. 

4.  To  determine  the  optimum  economic  thickness  of  insulation,  studies 
of  the  type  reported  herein  should  be  made  on  built-up  roofs  containing 
at  least  three  different  thicknesses  of  the  same  insulation  type. 

5.  Comparable  studies  should  be  made  of  spray-applied  polyurethane  foam 
roofs  to  determine  temperature-time  effects  of  various  foam-coating 
combinations . 
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Table  5.  Relative  Filers.', v  Factors  Defined  be  Measured  Areas:  ITCI5  No.  i ,  Summer 


Radiative  Cooling  is  the  area  of  that  portion  of  the  membrane  temperature  phv 
Insulation  Efficiency  is  the  area  of  that  portion  of  the  membrane  temperature 
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igure  17,  Radiative  cooling  in  urethane/perlite  built  -  up  roof,  white  'urface,  ITC.B  No. 
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figure  33.  (Iray  gravel  surface  temperatures  in  urethane/glass  fiber  built-up  roof  for  June 
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Figure  42  Radiative  cooling  in  urcthanc/pcrlitc  built  -  up  roof,  all  surfaces,  ITCH  No.  1  anil  No.  2,  summer 
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NAM  NC  PWO.  |  ewes  Dl 

N.NN  I  All  N(  il’OM  Code  044  AleNantln.i.  YA.  lode  044  Alexandri.i.  N  A,  Code  0454  ID  Poltei )  Alcxandna. 
YA:  Code  B444B  Alexandria.  \a.  Code  o4o.  Code  04MD  (N  M  Spaulding)  Alexaiulria.  \  N;  Cotie  04B4 
Alexandria.  N  A.  Code  H4AI  Alexaiulria.  YA.  code  OS  I  Alexaiulria.  YA.  Code  MX)  Alexandria.  YA;  (  ode 
I002B  (I  I  einianis)  Alexandria.  YA;  Code  III'  (M  Carr)  Alexaiulria.  \  A;  (ode  1114  (I  Stevens) 
Alexandria.  \  A;  Morrison  N  ap.  Caroline  Is 

NANI  NCI  NC.COM  (  IB  S  DIN  Code  Ml  Wash.  DC.  Code  M2.  (Wildmanl.  Wash.  DC.  (  ode  40"  (I) 
Seheesele)  Washington.  DC,  (ode  404  (II  DeYoe)  Wash.  DC.  Code  4iB  Wash.  IK  IPO-I  (Kmt/) 
Washington.  DC;  Coniraels.  ROICC.  Annapolis  NR);  I  10-1  C  (Speneen.  Washington.  DC 
N  AVI  \(  }  N<  i(  ( >.M  JAM  DIN  (  DM  I  Pettier ;  (ode  M,Y  Norfolk  VA.  (ode  )JJ.  Norfolk.  YA  fur  BR 
Deputs  Dir.  Naples  It.ils .  I  tiropean  Braneli.  New  York.  RDIAl  I  ( >  102.  Nortolk  YA 
N  AN  I  NCI  N<  .COM  NOR  I II  DIN  CO;  (  ode  OOP  ( l  (  |)R  A  I  Stew.ut).  (  ode  M2S.  RDIMIO. 

Philadelphia  PA.  Code  III  ((  aMranosol  Philadelphia.  PA.  (  ode  114  (  A  Rhoads).  Design  Dis  (R 
Masino).  Philadelphia  PA.  ROICC.  Contraets.  (  l  ine  IN 
N  NYI  AC!  N<  .COM  PAC  DIN  (Ksil  (ode  Ml.  Pearl  llarboi.  HI  (ode  2011  Pearl  Harbor.  HI  (ode  402. 
RDItVl  .  Pearl  llurhor  HI.  (  onmiander.  Pearl  Harbor.  HI 


75 


/  s 


NNNI  \(IV.(OM  SOI  111  DIN  l  <uk-  'in.  RDIsNI  I  ().  Charleston  SC.  Roll  (  (It  l)R  R  Moeller  l. 

I  Otlll.lsls.  l  l  Illicit  l  \ 

\  \\  |  \(  I  \t »l  ONI  N\  I  SI  DIN  MO.  II'.  AROICl  .  I  onliacts.  I  wenlsniiie  Palms  DA:  Coile  114  H  S.tn 
Miuno.  I  N  1  D '  Od  S.m  Klims'.  C  N.  RDIAl  IO  Coile  'Mil  San  Kruno.  I  A 
N  NN  I  Nt  I  Nl  it  ONI  I  ON | R  M  I  NRO|(  1  I’oml  Mueu  I  N  AR( )U  l  .  Ouantissi.  N  A:  Dir.  I  tie  Du  . 

I  mii.miiIi  Nil'll. ill. i.  I  iii  Du  du.  Southwest  I’m.  Manila.  1*1 :  1  net  Du  ll  llcinl.  Madrid.  Spain:  (IK  (  . 
Vu'httiM  P.u  Manila  Ml  OKI  ROM  l  .  Hall'oa  (anal  /one:  KOK  (  Nl  (luanr.  RO  ICC  I  AM  DIN  . 
Noilolk  N  N  R(  H(  (  Dki'u  (i.unu  Island.  R<  >!(  <  .  keflasik.  Inl.iml  ROK  (  .  Paeilie.  Sail  Kruno  l  A 
SNNNINIi  M  I  l  ui  mi 

N  NNM  DNS  Rl  Ml  s|  Dili  oik  \l*l  Mi  Port  Hueneme.  I  A 

\  \NI  il  I  N'..  i  |  il'i.m  ll.o  St  loins.  N1S.  (ode  '40  (I  DiP.ilnt.il.  Has  St  louts  MS 

\NN(K  I  \\s>  sr  I  \  I  i iik  Jl  Sail  Dieeo.  (  A.  (  oik-  s221  (R  . tones)  San  Dieeo  (  a:  Coils-  ' ''  (Murk's  I.  San 

In. -.o  t  N  t  i  'ik'  iCim  S.tn  Dieeo.  (  N.  (osle  si  I  Sail  Diees'.  (  A.  I  osls*  447411  i  les'll  I  lb)  San  Dieeo.  (  A 

N  NN  I  >KI  >S  I  N  PN\  t  I  I  omssille  kN 
N  NN  PI  I  I  II  I  (  Ills  ;M  Nksansliia  N  N 

N  NN  PI  I  Rl  s  Diissloi  NN.isliinitton  IK 

SNNPIIIKNSl  (ll  \(  li  N  Noilolk.  NN.  (oils-  S.M.  Noilolk  N  N.  Ilnibot  Clearance  l  tilt  Isso.  little  Creek. 

N  N 

S  NN  R  NDKI  (  I  N(  PNNO.  Kami  Scs.i  Japan 

\  NN  Rl  (All  IK  I  N  Coile  h>4t.  Metnpliis.  Mtllmelon  IV  PNNO  Newport  Rl.  PNNO  PoitMIloutll.  N  A.  SCI-  ll) 

Kasel.  S(  I  S.m  Dieeo.  (  A.  S(  I  .  (  amp  Pemlleton  (  A.  SCI  .  (niam.  SCI  .  Oaklaml  (  A 

N  NN  S(  ( >1  (  I  (  <  >1  I  CM  Poll  Huetteiite.  (  A.  CO.  Code  <  44  A  Port  lltieneine.  (  A 

NAN  S|  NSN  S(  ( )NI  (  ode  ID’s.  Pioeiam  Met.  NN asluneion  IK  .  (  ode  Si  N  OOC  Washington.  DC 

N  \N  SI  (  ( iRI  At  1  l  iis'tl  Oil  ( ialeta  Is  (  anal  /one,  PNNO  Adah  NK.  PNNO.  I  d/ell  Seotlatid:  PNNO.  Puerto 
Run:  PNNO  loin  Stu.  Okinawa 
NAN  SIIIPRI  PI  AC  I  ibt.irs.  (iu.irit.  SCI  Stilus  Has 

N-NNSIIIPND  Hienietton.  NN  -\  tCarr  Inlet  Nes'ustis  Ratlin).  Ciuie  2i>2  4.  lone  He. tell  (A,  Code  21'' s 

tl  ibrats)  Pueet  Sound.  Htenierton  NN  N.  (  osle  4sn.  Pottsinoutli.  N  \.  (  oils'  400.  Pueet  Sound.  PNN  Dept. 

I  sine  Heaell.  CA.  (osle  410.  Mate  Is  .  N  alle|o  (  A.  (  osle  44M  Portsmouth  Nil.  (oils-  441).  Norfolk,  (rule 

44  M,  Ptieel  Sound,  Rii-meiion  NN  V  (ode  4>il.  Chat  lesion  SC.  (ode  444  (I  nl  Snptl.  Nalleto  CA.  I  I). 

Nisi. in.  Itbrais.  Portsmouth  Nil 
N  AN  AN  IONICI  A(  PNN  Dis  Imliailapolis.  IN 

NANSIIIPND  PNNO.  Mare  Is  .  PNNO.  Pueet  Sound:  SCI  .  Pearl  Harbor  III:  leeli  libtars.  Vallejo.  CA 
NAN  I  A(  I  Nt.COM  CONI  RAC  I  ARO|(  (  NANS  I  A  Hrooklsn.  NN 

NAN  SI  A  CO  Nasal  Station.  Masport  11  .  (O  Rooseselt  Ro.uls  PR  Puerto  Rieo.  CO.  Rtooklsn  NN  .  Dir 

Meeli  I  net  4’NNC‘)l  Norlolk.  NA  I  net  Dir  .  Rota  Spain,  lone  Heaell.  (  A.  Maun  (out  Dis.. 

( in. ml. ill. lino  Has  (  riba.  Mam!  Dis  Du  (  oils'  541.  Rodman  (  anal  /one.  I’NND  (I  I.IOP  M  Mots  lentclt). 
Puerto  Rieo.  PNNO  Peall  Mathot.  III.  PNNO.  ( iriantananro  Has  Cuba:  PNNO.  Kellastk  leeland.  PNNO. 

Masport  M  .  R()|C(  Rota  Spain.  ROIt  (  .  Rota  Spam:  SCI  .  (luam:  SCI  .  Sail  Dices'  (  A.  SCI  .  Suhie  Has. 
R  P  .  I  tilities  I  net  oil  Rota  Spam 

NAN  SCK.ANI  Code  O  fSlosses)  Hretnerton.  NN  A  I  NS  S  Dine,  (itotiut.  Cl:  SCI  .  Pearl  Harbor  HI 
N  NN  SI  PPM  I  PNNO  Seattle.  NN  A 

NAVSIA  (  osle  4.  12  Marine  (  oips  Drst.  I  reasure  Is  .  San  I  raneiseo  (  A 

N  AN  S!  I’l’ACI  I  IK1  MeO.irrah  SI  (  N  alleto.  CA.  Plan  I  net  Dis  .  Naples  Itals 

N  AN  SI  RINVPNC1  N  PNNO.  While  Oak  Sdser  Spnne.  MD 

N\N  I  M  III  R  At  IN  S(  I  Pensaeola  I  I 

NNNlSl  ANN  SRI  N(,SI  A  Kesport.  NN  A 

N  \N  U  PN(  I  N  t  oils-  2bV'  (NN  Honnetl.  (  Inna  I  ake  (  A.  PNNO  tl  osle  2t''04)  (  Inna  I  ake.  CA.  ROH  C  (Code 
'M2 1.  (  Inna  I  ake  (  A 

N  AN  NNPNI  N  Nl  I  A(  leehrue.il  Itbrais.  Nlbui|iicri|iic  NM 

NANNNPNSIA  (Clehakl  lolls  Ncik.  Nl.  (ode  m‘>2.  (oils  Neck  Nl:  (osle  (M2  A  1C  I  rcdcrichsl  Seal  He.teh  CA 
M.IIIII  (  ontrol  Dir  .  Yorklossn  N  A 
NANNNPNSIA  PNN  Olliee  I  (osle  n>H  ll  Yorktosen.  Y\ 

NANNNPNSI  A  PNNO.  Seal  He. tilt  (  A 
N  AN  NN  PN SI  Pl’(  I  N  (  osle  tin  (  i.me  IN 
(  IU  41  is  l )l(  S.m  Dieeo.  (  A 

<K(  (osle  IM  Dastssille.  Rl,  (ode  I’’.  Port  Htienenie  CA.  lode  I5(>.  Port  Hueneme.  CA.  (oils'  25)11  Pori 
Hiietieme.  CA.  (  osle  4m  (tultpoit  NIS.  Nl  I  S  N  (  osle  2’2  IP  Winters)  Port  Hueneme.  CA.  Code  4.40  (PW 
|  nernel  (mllpoM.  MS.  PNNO  H  osle  sip  Pott  Hueneme.  (  A.  PNNO.  Dastssille  Rl 


NCIH  411  OK.  Nortolk  VA 
NCR  ’ll.  Commander 

NMCB  "4.  C  O;  lom .  CO.  Him  l  .  Operations  Oil 
NOW  1  ihrarx  Rockwlle.  MO 

NORD.A  Code  440  (Oeeati  Rseh  Oil  I  Bax  Si  loin-.  MS 

NRI  Code  5S1HI  Washington.  |)C;  Code  S44I  (R  A  Nkop).  Washington  DC 

NSC  Code  54  1  (Wwinet.  Norlolk  \  A 

NSI)  SC  I  .  Subte  His.  R  I' 

NIC  OICC  C  IU  401,  C deal  I  akes  II 

Nl  SC  C  ode  l.4|  New  1  oiidoit  Cl.  C  ode  I  \l’>  iR  S  Munni.  New  Condon  C  l;  Code  44’.  H  SU  (.1  WileoM 
New  Condon.  C  l.  Code  SIC  451  (ICtownl.  Newport  Rl.  Code  I.AI4I  l(i  l)e  l.i  Ciu/I.  New  Condon  Cl 
OCl  ANSASI  AN  I  I  I  A  R  Citaneola.  Noitolk  VA 

ONR  Code  4X>  c  Nile  a  i  Ythngion.  \  A  C  enir.il  Regional  Olliee.  Boston.  MA.  Coile  441.  Arlington  \  A;  Code 
"001  Arlington  VA.  iSeieniilie  Dill  Pasadena.  (  A 
PHIBCH  I  P\l  San  Onto.  (  A 

I’M  1C  C  ode  4441  IS  OpalowskM  I’oini  Mngu.  (  A;  I’al  C  ounsel.  Point  Mugu  CA 

PWC  lit  I  S  Agonoxl  Pensaeola.  II  .  AC  I  Olliee  II  CIO  St  Ciermainl  Norlolk  VA;  CO  Norlolk.  VA;  CO. 

1C  ‘ode  101.  Oakland  CA.  CO.  Oteal  lakes  II  .  Code  10.  Clreal  lakes.  II  ;  Code  I  III.  Oakland.  CA.  Code 

I’ll.  Oakland  CA.  C  ode  I’lK  .  tlthiarxl  San  Diego.  CA;  Code  I4S.  Ouain;  Code  154.  C i real  lakes.  1C; 

Code  400.  Cheat  lakes  II  .  Code  400.  Cinatn.  C  ode  105  Oakland.  CA.  Code  440  1.  Norlolk  VA;  Code  4CIC'. 
San  Diego,  C  A,  Code  400  Citeal  lakes.  II  .  C  ode  400.  Oakland.  CA;  Code  400.  Pearl  Harbor.  Ill;  Code 
400.  San  Diego,  CA.  Code  44o.  Ureal  lakes.  II  .  Code  440.  Oakland.  CA.  I  til  Dept  |R  Pasettal  Pearl 
Harbor.  III.  C  ode  xtix.A  ill  Wheeled  C  ode  olMt.  Cireat  Cakes.  11  .  Code  bill.  Oakland.  CA.  Code  bill.  San 
Diego  Ca;  C  ode  "00.  Cireat  lakes.  [I  .  Code  "(HI.  San  Diego.  CA;  I  1 .1C  i  .1  1  MeClatne.  Yokosuka.  Japan; 

1  ibtai'c.  Subie  I4a\ .  R  P  .  Colittes  Ollteer.  Cinatn 
SPC  C  PWO  (Code  140)  Meehameshoig  PA 
1A  A  Sinelset.  Know  tile,  lent! 

t  Cl  IAVO  OIC  .  Norlolk.  VA.  OIC  .  Port  llnenetne  CA 

I  S  Ml  RC  I  I  AN  I  M  ARINI  AC  ADI  MY  Ktnes  Poinl.  N't  I  Reprint  C  ustodian  I 

I  S  Dl  PI  Ol  C  CIMMI  RC  1  NO  VA.  Paeifte  Marine  C  enlet  Seattle  W  A 

I  S  (i|  C)|  OCilC  Al  SI  RVI  V  Olt  Marine  Cieoloev.  Pneleki.  Reslon  VA 
C  SCO  Ci-MM  1  -4  N4  Cl  Speneet  I 
l  SAC  RIC  ill  IN  Al  IIOSPIIM  Cailelnld  AIK.  WA 

I  SA!  S(  HOOl  Ol  Al  ROSPAC  I  Ml  DK  INI  Hvperbara  Medteme  Do.  Ilrooks  \|K.  I\ 

CSC  Ci  C!  [CA  iC  I  Smith  I  Washmuion.  DC  .  |  Smith  J.  Washington.  DC;  Ol  1)1  -4  il  Dowdl.  Washington.  DC 
I  SCO  R\D  C  l  Nil  R  D  Motherwac.  Ciroton  Cl.  leeh  Do  Cuoton.  C  l 

I'SDA  lores!  Produels  lab,  Madison  Wl.  lores!  Semee.  Bowers.  Atlanta.  C  i  A ;  I  oresl  Serwee.  San  Dimas.  CA 

C  SN.\  C  h  Mesh  I  net  Dept  Annapolis  Ml).  Coil  I  net  Dept  iR  1  lehell  Annapolis  Ml).  I  nerge  I  nvtron 
Studc  Cup  \nnapolts.  Ml)  liter  Do  tC  Will  Annaplohs  Ml).  I  m  iron  Prot  R\D  Prog  (J.  Williams). 
Annapolis  Ml).  Oeean  S\s  I  ne  Dept  (Dr  Monnec  I  Annapolis.  MD.  PW  |)  l  iter  Do  IC  Bradford) 
Annapolis  MD.  PWO  Annapolis  Ml) 

AMI  RIC  AN  c  ONC  Rl  II  INSIIIlll  Deltoit  Ml  1 1  ibraie  I 
ARIZONA  State  I  lute'  Proeiants  Oil  .  Phoenix  A/ 

BONN!  Villi  P!)W|  R  ADMIN  Ponl.md  OR  (Inerex  C  onsrx  Oil  I)  Dated 
HROOMIAMN  N  \  1 1  |  \H  M  Sleuibeig.  Cpton  NA 

C  Al  II  Dl  PI  I )|  N.VIOAIJON  A  OC  I  AN  DCS  Saerantenlo.  C  A  |C>  Armstrong! 

C  At  II  MARIIIMI  AC  ADI  MS  Villeio  »  A  1 1  ibrarx  I 

C  Al  II  ORNI  A  SI  A  II  I  Nl\  |  RSI  I  S  |l  )N( ,  III  AC  II  CA  (C  III  1  APAIH 

C  Ol  l  MBI A  PRI  SHA  II  RIAN  Ml  I)  C  1  N  1 1  R  New  Aotk.  NA 

C  ORNI  I  I  |  NISI  RSI  I  A  lth.ua  NA  (Serials  Dept,  liter  lib  ) 

D  \MI  S  A  MOORI  I  IBR  ARA  1  OS  \ N C « I  I  1  S.  C  A 

DIM  INK  Ml  Dll  Al  CINIIR  |l  Muga.  Durham  NX 

IIORIDA  All  \N||C  INISIRSIIA  Hoe  a  Raton  I  I  (W  I  lain ).  Boe.i  Raton.  I  I  (Me.Alhstet) 

IORI  SI  INSI  I  OR  OC  I  AN  >V  MOCNI  AIN  C  arson  C  it\  N\  (Studies  I  tbr.tiO 
M  il  ,C  INI  RI.A  OIIKI  C  HARM  SION  WA 

CilORCICA  INSIIIlll  Ol  II  C  IINOI  OC.Y  |l  I  R  Johnson  I  Atlanta.  CiA 
HAWAII  SIAM  Dl  PI  Ol  PI  AN  A  ICON  Dl  \  Honolulu  HI  t  I  eeh  InloCtit 
INSIIIl  ll  Ol  MARINI  SC  II  N(  |  s  Motehea.l  C  tit  NC  iDitetlot) 
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IOWA  SI  \ll  IXISIICSIIS  Sine-  I A  |(  I  Dept.  I  l.nult  I 
WOODS  noil  Oil  SXOOICAPIIIC  INS  I  SSnoil-  Hole  MA  i  W  ineel  I 
kl  I  SI  SI  Ml  (CM  I  I  <11  Keene  Ml  ((  uniiineh.iin | 

I  I  IIKHI  I  SIS  I  RSI  1  S  111  llll  1  III  M  PS  ( MARIS!  (II  011  <  HSU  SI  I  SH  .  RICH  SICDSi.  Kethkltecn 

I  *  \  ilinOoini.m  l  ih  So  lo.  1  leek-teinei  t 
SI  MSI  SI  SRI  IIMI  SC  AIM  SIS  C  ASIISI  .  Ml  ll  IHIC AKS  I 
MS1S1  Olllcl  Ol  I  XI  ROS  ICI  SOI  ICC  I  S  \ui!ii-l.i.  Ml 
Sll(  UK  i  ss  II  (  11X01  OOK  SI  IXISIICSIIS  II.uieIiIoii.  Sll  Ill.i.i'.l 
stissoi  ri  I  si  Reis  sol  s<  s  kikiMin  cm  sio 

Sill  (  .tnibiklee  SIS.  (  .imbikltie  SIS  (Km  ln-sim  leeli  Report-.  I  mti  I  il’  l:  (  .inthriilee.  SIS  1 1  l.nk  111..11 1 

SKIS  I  AS  S  I  SI  RC.S  0111(1  Sikler-nn.  I  lelen.i  SI  1 

S  Sll  SC  SIM  SIS  Ol  I  SC,  SI  I  \  SSI  MCI  SSS  (SI  SRI  I  IR  1 

SI  SS  11  SMPSlIIICI  (  oneoul  Sll  idoteinot  -  Couneil  nil  I  nemo 

SI  W  Sll  Met)  SIM  SR  I  SI  R(  IS  I  SS  I  Hi  /ttihel  I  .0  (  lino  SSI 

SS  (IIS  (  OS! Sll  SI  I  S  C  O!  I  I  d!  HICOI  >kl  S  S.  SS  ll  IHIC  SICS  ) 

SS  s  I  SI  ICC  ,S  OII  ICl  lihi.nv.  Alkun  SS 

(MCI  OOX  SI  All  ISISIRMIS  1(1  Dept  di.kv.  <  nn.illi-.  OR.  <  OKS  SI  I  IS  OK  <(  I  IMPI.IIKKSI 
C  nit. ill-  CMC  ( School  ol  Oee.inojir.iplit  I 

PI  SSSS  IS  S  S  |  s  SI  Sll  ISISI  RSI  IS  SI  All  C  Ol  1  I  (.1  PS  I  SSS  I  >1  ICl 
PI  >|  I  1  |  IDS  \|l  Ml  MINI  SSSOc  (11.1l1.nn 

PI  RIM  I  I  SIS1  RSI  IS  1  .H.IUJIC  IS  (  Alt-eli.ielHl  I  .il.nette,  IS  t(  I  I  mo  I  ibi 

(  OSSI  C  I  l(  l  1  1 1.11  tlonl  ( ' I  (IVptnl  PI. in  A  I  mini  Poin  t  I 
S  ss  IMI  00  s|  S  I  I  I  SIS  I  Sool.iin  S.m  Dicco.  (  S 

St  RUM’S  ISN  llll  II  Ol  0(1  SSOOKAPIIS  IS  (Oil  S  C  S  i  SI  >  SSIS 1  S.m  I  licto.  C  A  ( Sl.irnu  Pin  I  ,ih 

Spie— I 

si  S  I  l  l  1  l  Plot  Seine. ifL’Iet  Se.uile  SS  S 

SI  Sll  ISIS  ol  SI  SS  SOICK  Unll.ilo  SS  .  I  oil  S  Jim  In  SS  1 1  oneob.mli  I 

I I  \  SS  SASI  l  SIS  1  Rsl  I  S  (  olleee  Sl.nion  1  \  (Cl  Uepl  llcil’iilii  SS  II  le.llsUn  (  olkne  SC  .it  ton .  IX 

l  SIS  I  Rsl  IS  Ol  <  SI  IIOKSI  S  HI  KKI  I  I  S  .  (  A  ((  I  I  >1  PI  Ol  ICSSK  ki  Ikikckn  (Sll  IV.iisonl. 

n  SS  is  (  S  K  I  IM  PI  I  AS  I  (MCI.  I  IK  10  I  Iitnik-o.  I  S.m-  (  S  1  IS  I  ICSIORl  .  C  S  il  SSS  ICI  SC  1 

I  IS  1  R  SH  >IC1  I  Sli.  IOKSR/i.  I  loll.,  c  S  lSi.|  I'epl.  Ill'  (  o'<  S  1  SI  Ouik.in.  Uerkelo  (  S 
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